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We report on a spin-polarized inelastic neutron scattering study of spin waves in the antiferromag-
netically ordered state of BaFe2As2. Three distinct excitation components are identified, with spins
fluctuating along the c-axis, perpendicular to the ordering direction in the ab-plane, and parallel to
the ordering direction. While the first two “transverse” components can be described by a linear
spin-wave theory with magnetic anisotropy and inter-layer coupling, the third “longitudinal” com-
ponent is generically incompatible with the local moment picture. It points towards a contribution
of itinerant electrons to the magnetism already in the parent compound of this family of Fe-based
superconductors.
PACS numbers: 74.70.Xa, 75.30.Gw, 75.30.Ds
Among very different classes of materials including the
Fe-based superconductors (FeSC), the cuprates, and the
heavy-Fermion compounds, a striking feature of uncon-
ventional superconductivity is that it commonly appears
close to an antiferromagnetic (AF) phase [1]. Since mag-
netism may be a common thread for the pairing interac-
tion in unconventional superconductors [2], it is impor-
tant to determine the microscopic origin of the AF order.
For the cuprates, it is well accepted that their Mott in-
sulating parent compounds have localized moments, and
the spin waves can be well described by a Heisenberg
model [3–5]. In the case of iron pnictide families of FeSC,
there is no consensus on the origin of the stripe-like AF
order in the parent compounds [6–9]. On the one hand,
these are semi-metals with hole- and electron-like Fermi
pockets at the Brillouin zone center and zone corners, re-
spectively (Fig. 1a) [10–13], and the AF order (Fig. 1b)
may arise from nesting between the pockets [10], much
like the spin-density-wave (SDW) order in chromium [14].
On the other hand, the bad-metal phenomenology of iron
pnictides [15] suggests that these materials are near a
Mott transition with magnetism arising from localized
moments, much like in the cuprates [16–18].
If the AF order in the iron pnictides arises entirely from
localized moments on Fe, spin waves from these moments
should be purely transverse spin excitations (TSE), with
moments fluctuating perpendicular to the staggered mag-
netization keeping an unchanged magnitude. In contrast,
if Fermi surface nesting and itinerant electrons contribute
significantly to the AF order, one would expect the pres-
ence of longitudinal spin excitations (LSE) with fluctu-
ating moment sizes [19–22], similar to the LSE seen in
the SDW state of chromium [23]. Although unpolar-
ized inelastic neutron scattering (INS) experiments have
mapped out spin waves in the iron-pnictides parent com-
pounds CaFe2As2 [8, 24], BaFe2As2 [25], and SrFe2As2
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FIG. 1. (a) Fermi surface of BaFe2As2, reproduced from [29]
using band structure from [30]. Arrows indicate nesting vec-
tors. (b) Spin arrangement and fluctuation directions in the
AF phase of BaFe2As2. Coordinate systems for neutron po-
larization are indicated for two examples Q1 and Q2.
[26], the spectra can be described by either local-moment
[8, 25] or itinerant models [21, 24, 26]. To conclusively
determine if itinerant electrons contribute to the mag-
netism, one needs to perform spin-polarized INS experi-
ments to search for LSE in the AF ordered state. In spite
of considerable efforts in this direction on BaFe2As2 [27]
and NaFeAs [28], experimental detection of LSE has re-
mained inconclusive so far.
Here we present a spin-polarized INS study of
BaFe2As2 in the AF phase, where the ordered moments
are aligned along the a-axis direction of the orthorhom-
bic structure (Fig. 1b). By comparing magnetic sig-
nals that consist of different projections of the intrinsic
response, we identify three distinct spin-excitation com-
ponents with magnetic moments fluctuating along the
three crystallographic axes, Ma, Mb, and Mc (Fig. 1b).
The latter two TSE components can be quantitatively
described by a linear spin-wave model with magnetic
anisotropy. The presence of the (hitherto undetected)
LSE componentMa, which amounts to about 10% of the
low-energy spectral weight, indicates a clear contribution
2from itinerant electrons. Therefore, itinerant electrons
important for superconductivity also contributes to the
magnetism in the parent compounds of iron pnictides.
A total of 18 grams of high-quality BaFe2As2 single
crystals were grown by a self-flux technique [31] and
coaligned with reciprocal lattice vectors (H 0 L) ≡
Ha∗ + Lc∗ in the horizontal scattering plane. Here we
use the orthorhombic crystallographic notation, in which
the two-dimensional AF wave vector (QAF) corresponds
to |H | = 1, and the AF zone center and boundary along
c∗ correspond to odd and even integer L values, respec-
tively. Our sample has an AF ordering temperature (TN)
of about 137 K and a mosaic of about 1.2◦ (Fig. S1 in
[32]). The INS experiment was performed on the triple-
axis spectrometer IN22 at the Institut Laue-Langevin,
France. Heusler crystals were used as spin-polarizing
monochromator and analyzer, and CryoPAD was used
for performing longitudinal polarization analysis. A flip-
ping ratio of about 16 was maintained throughout our
experiment. All measurements were performed in the
spin-flip (SF) geometry at a temperature of 2 K. In the
AF ordered phase, BaFe2As2 forms randomly distributed
orthorhombic twin domains rotated 90◦ apart. We are ef-
fectively not sensitive to half of the sample that develops
AF order at (0 ± 1 1) since the spin waves at (1 0 L) are
well above the energy range of our measurement [25].
In the conventional coordinate system for the neutron
spin polarization (S), xˆ is along the momentum trans-
fer (Q), zˆ is vertical, and yˆ is perpendicular to both xˆ
and zˆ (Fig. 1b). Since SF scattering probes magnetic
fluctuations perpendicular to both Q and S, signals that
correspond to fluctuations projected along yˆ (σy) and zˆ
(σz) can be obtained by two independent methods: σy =
SFz−BG = SFx−SFy and σz = SFy−BG = SFx−SFz,
where SFα denotes SF intensity measured with incident
neutron spins along the α direction, and BG is back-
ground intensity. Both methods give consistent results
in our study. σy and σz are related to the intrinsic mag-
netic response via
σz =Mb, σy =Mc cos
2 θ +Ma sin
2 θ, (1)
where θ is the angle between Q and a∗ [33].
Figure 2a-b displays raw data of energy and momen-
tum scans at the AF zone center with L = 3. The
extracted σy and σz (Fig. 2c) exhibit different energy
gaps, consistent with an earlier report [27]. The result
of similar measurement and analysis at L = 1 is shown
in Fig. 2d. A quantitative comparison between these
measurements is presented in Fig. 2f, where the differ-
ent θ = 23.5◦ and 52.5◦ (for L = 1 and 3, respectively)
determines the amount of Ma and Mc contributions to
σy (Eq. (1)). The excellent agreement between the σz
data is consistent with a negligible variation in the mag-
netic form factor (Fig. S2 in [32]) and in the instrument
resolution from L = 1 to L = 3. A clear difference is
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FIG. 2. (a) Energy scans at (1 0 3). BG is determined by
fitting the SFy +SFz − SFx intensity, which does not contain
any magnetic signal, to a linear function of ω. (b) Q scans at
ω = 22 meV fitted to a single Gaussian peak. (c-d) Extracted
σy and σz at (1 0 3) and (1 0 1). Meanings of symbols in
(a-d): circles are raw data, squares are SFy or SFz minus
BG, triangles are SFx minus SFy or SFz, empty and filled
symbols are measured with final neutron energies Ef = 30.5
and 50 meV, respectively. (e) Comparison of σy data obtained
with Ef = 24 and 30.5 meV. (f) Combined data from (c) and
(d). Dashed line indicates σy at (1 0 3) after multiplying by a
factor of 0.4. Dotted lines indicate maxima of σy. Solid lines
in (c-f) are guide to the eye.
found between the σy data apart from the overall in-
tensity change: At L = 1, σy exhibits a maximum at
16 meV, above which the signal decreases in a fashion
similar to the decrease of σz above 22 meV. At L = 3,
while σy exhibits a rapid increase between 8 and 14 meV
similar to the behavior at L = 1, it continues with a
“plateau-like” profile to higher energies, and reaches a
global maximum at around 22 meV. If σy consists of only
Mc, the data for L = 1 and L = 3 are expected to be
identical after multiplying the former by a factor of 0.44,
which accounts for the difference in θ. We find the best
agreement between the two data sets below 16 meV by
multiplying the L = 1 data by 0.40. The normalized σy
at L = 1 (dashed line in Fig. 2f) lies below the L = 3 data
above 18 meV. We attribute this difference to a non-zero
contribution from Ma, which, unlike Mc, is expected to
increase by a factor of 4 from L = 1 to L = 3. To further
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FIG. 3. σz (a) and σy (b) at AF zone boundaries (see Fig. S3
in [32] for the raw data). The meanings of symbols are the
same as in Fig. 2. Solid lines are guide to the eye.
verify this interpretation, we measured at (1 0 3) with
a smaller Ef = 24 meV (Fig. 2e). Indeed, the improved
energy resolution (∼ 3.1 meV at ω = 20 meV, compared
to ∼ 3.9 meV for Ef = 30.5 meV) leads to a clearer sep-
aration of the Mc and Ma components. These results
establish the presence of an Ma contribution to the total
magnetic response at the AF zone center.
BaFe2As2 consists of FeAs layers separated by Ba. The
magnetic coupling Jc between neighboring layers gives
rise to a spin-wave dispersion along c∗, with a saddle
point at the AF zone boundary where Jc can be best
determined. In a recent unpolarized INS measurement
at the AF zone boundary [34], a substantially smaller Jc
was found than previously inferred [8, 25]. Spin-polarized
measurements have not been attempted at the AF zone
boundary since this refined study. In addition to the
search for LSE, such measurements provide a stringent
test of spin-wave models for describing the TSE, with
additional constraints on the model parameters.
Figure 3 displays the extracted σy and σz at the AF
zone boundaries. For L = 2, measurements with different
Ef are combined to satisfy the scattering kinematic con-
straint for the extended energy range. Additional tests
(Fig. S3 in [32]) show no evidence for a distortion of data
due to instrument resolution. The results are qualita-
tively similar to those at the AF zone center: (1) At
L = 2, the maximum of σz occurs at a higher energy
than σy, and both energies are higher than the corre-
sponding values at L = 1. (2) σz are nearly identical at
L = 2 and L = 4. (3) σy reaches its maximum at a higher
energy at L = 4 than at L = 2. From L = 2 to L = 4, one
expects a decrease by 56% in the contribution ofMc, and
an increase by 74% in the contribution of Ma. The data
in Fig. 3b are thus consistent with maxima ofMc andMa
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FIG. 4. Intrinsic magnetic responses (see Fig. 1 for definition)
calculated from the interpolated data in Figs. 2 and 3.
contributions at around 26 and 30 meV, respectively.
To start a quantitative discussion, we first plot in Fig. 4
the intrinsic magnetic responses at the AF zone center
and boundary: Mb is determined from the average of the
interpolated σz data at L = 1, 3 and 2, 4 in Figs. 2
and 3, respectively. Ma and Mc are calculated from the
interpolated σy data using Eq. (1), which allows us to find
a unique solution given two measurements with different
θ. The energies of the TSE spin waves (Eexp, the energy
where the signal reaches 90% of the maximum [27]) are
identified from the Mc and Mb data and summarized in
Table. I. In terms of spectral weight, Mc and Mb are
roughly equal, and their values at the AF zone boundary
are about 30% smaller than at the zone center. The
latter observation is expected because in linear spin-wave
theory the intensity of low-energy excitations is inversely
proportional to the energy. However, as has been pointed
out by Qureshi et al. [27], the equal amplitudes of Mc
and Mb, despite their energy difference, are inconsistent
with the linear spin-wave theory, and might indicate a
necessity of resorting to more sophisticated calculations
that also include itinerant electrons. Indeed, a clear LSE
Ma component is found at both the AF zone center and
the zone boundary at roughly the same energies as Mb,
and it amounts to about 10% of the low-energy spectral
weight. To our knowledge, this is the first direct evidence
for a contribution from itinerant electrons to the spin
excitations in a FeSC parent compound [35].
We consider the following Heisenberg Hamiltonian [32]
for a quantitative description of the TSE:
H =
∑
r
[J1aSr · Sr+xˆ + J1bSr · Sr+yˆ + J2(Sr · Sr+xˆ+yˆ+
Sr · Sr−xˆ+yˆ)−Dx(S
x
r
)2 −Dy(S
y
r
)2 + JcSr · Sr+zˆ]
(2)
4M E/2S Eexp /Ecal
Mb,L=1
√
(Dx −Dy)(4J2 + 2J1a + 2Jc +Dx) 18.9 / 18.8
Mc,L=1
√
Dx(4J2 + 2J1a + 2Jc +Dx −Dy) 11.6 / 11.7
Mb,L=2
√
(Dx −Dy + 2Jc)(4J2 + 2J1a +Dx) 28.3 / 28.5
Mc,L=2
√
(Dx + 2Jc)(4J2 + 2J1a +Dx −Dy) 24.6 / 24.4
TABLE I. Spin-wave energies calculated from Eq. (2), using
SJ1a = 59.2 meV, SJ2 = 13.6 meV, SJc = 0.333 meV, SDx =
0.196 meV, and SDy = −0.311 meV. The last column shows
comparison with experimental data (in meV). Derivation of
the expressions is given in [32].
where J1a and J1b are the nearest-neighbor interaction
along the a and b directions, respectively, J2 is the next-
nearest-neighbor interaction, and Jc is the inter-layer
coupling. Dx and Dy denote the single-ion anisotropy.
In Table I we list the expressions for the spin-wave en-
ergies. The exchange coupling parameters, J1a, J1b, and
J2, have been determined from time-of-flight INS mea-
surement [25]. Our data allow us to determine the re-
maining three parameters with four constraints. The fit-
ted SJc value (Table. I) is consistent with the report by
Park et al. [34], taking into account the slightly differ-
ent criteria of defining the spin-wave energies, and SDx
and SDy are consistent with the report of Qureshi et al.
[27]. Our experimental result can also be described by
exchange anisotropy instead of single-ion anisotropy [32],
but since the two types of anisotropy give nearly identi-
cal spin-wave dispersions, they cannot be distinguished
by INS measurements.
To understand the physical origin of the LSE, we first
note that the AF order in BaFe2As2 is commensurate.
This is different from the incommensurate SDW order in
chromium, and it precludes an interpretation of the LSE
as phason modes [36]. Another possible form of LSE in
itinerant antiferromagnets is the amplitude mode [19].
The lowest energy required to create such excitations oc-
curs at the AF wave vector, consistent with our finding,
and it is equal to twice the energy gap (2∆SDW) between
the magnetically split bands [19–22, 37]. In the AF or-
dered phase, optical measurements reveal q = 0 inter-
band transitions at 45 and 110 meV which possibly indi-
cate gap opening [38, 39], but photoemission studies show
a complicated band reorganization [12, 13, 40] without
clear gap opening at the Fermi level [13]. Since the exci-
tations relevant to our INS data occur at finite q = QAF
with L = 0 or 1, the correspondence between our data
and 2∆SDW values inferred from optical measurements is
not obvious, especially since the band structure exhibits
a finite kz dependence [41]. The similar energies of Ma
andMb (Fig. 4) implies a connection between the energy
scales of the itinerant and the localized electron systems.
The fact that we do not observe a clear decrease of Ma
up to the highest energy of our measurements (Fig. 4) is
consistent with the expectation that the observed Ma is
at the bottom of an LSE continuum [20, 22, 37]. Finally,
we note that the energy of Ma at the AF zone center is
consistent with a transient optical response frequency at
the verge of AF ordering [42].
Our result is compatible with the notion that the
low-energy spin excitations in the iron pnictides are af-
fected by itinerant carriers, while the high-energy excita-
tions are primarily TSE arising from localized moments
[29, 43]. It would be interesting to extend the spin-
polarized measurements to higher energies to determine
the evolution of the LSE. The successful description of
our data by the spin-wave theory demonstrates the va-
lidity of the local-moment picture for describing the TSE
down to the lowest energy. From previous work [27], we
know that the large in-plane and c-axis spin anisotropy
disappears above TN. In spin-polarized measurements
on NaFeAs, there is evidence for in-plane spin-excitation
anisotropy in the paramagnetic orthorhombic phase [28],
similar to the spin-excitation anisotropy in the tetrago-
nal phase of superconducting BaFe1.904Ni0.096As2 [33]. It
would clearly be interesting to determine how the LSE
and TSE signals change above TN in BaFe2As2.
In summary, we have discovered a LSE Ma signal and
determined the TSE Mb and Mc components to a high
precision at both the AF zone center and the zone bound-
ary in an iron-pnictide parent compound. Since the Ma
component in nearly optimally electron-doped supercon-
ductor BaFe1.905Ni0.096As2 changes dramatically across
Tc [33], the presence of such a signal in the undoped
BaFe2As2 suggests that itinerant electrons, which are
important for superconductivity, also contributes to the
magnetism in the parent compounds of iron pnictides.
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6SUPPLEMENTAL MATERIAL
Calculation of spin waves. The Hamiltonian used
here consists of two parts: the Heisenberg Hamiltonian
H0 and the anisotropy part H1. H0 has the form:
H0 =
∑
r
[J1aSr · Sr+xˆ + J1bSr · Sr+yˆ + J2(Sr · Sr+xˆ+yˆ+
Sr · Sr−xˆ+yˆ) + JcSr · Sr+zˆ ].
(3)
The contribution to linear spin wave Hamiltonian from
H0 is
HLSW = S ·
∑
k∈BZ
(bˆ†
k
, bˆ−k)
(
Ak,0 Bk,0
Bk,0 Ak,0
)(
bˆk
bˆ
†
−k
)
, (4)
where
Ak,0 = 4J2 + 2J1a + 2J1b(cos ky − 1) + 2Jc,
Bk,0 = 4J2 cos kx cos ky + 2J1a cos kx + 2Jc cos kz .
(5)
For single-ion anisotropy,
H1 =
∑
r
[−DxS
x
r
2 −DyS
y
r
2]. (6)
This term can align the ordered moments to the xˆ direc-
tion, when Dx > 0 and Dx > Dy. The contribution of
H1 to linear spin wave Hamiltonian is similar to Eq. (4),
with Ak,0, Bk,0 replaced by the following Ak,1, Bk,1:
Ak,1 = 2Dx −Dy,
Bk,1 = −Dy.
(7)
For magnetic exchange anisotropy,
H1 =
∑
r
[D1aS
x
r
Sx
r+xˆ +D1bS
y
r
S
y
r+yˆ]. (8)
This term can align the ordered moments to xˆ direction
when D1a > 0. The contribution of H1 to linear spin
wave Hamiltonian is similar to Eq.(4), with Ak,0, Bk,0
replaced by the following Ak,1, Bk,1:
Ak,1 = 2D1a +D1b cos ky,
Bk,1 = D1b cos ky.
(9)
For both types of anisotropy, the dispersion of spin
waves is
E(k) =
√
(Ak,0 +Ak,1)2 − (Bk,0 +Bk,1)2 (10)
Based on the above, we obtain the spin-wave dispersion
as shown in Table. II.
Using the values of intra-layer J in Ref.[25] and based
on our experimental data, the remaining three parame-
ters can be obtained:
SD1a = SDx = 0.196meV,
SD1b = −SDy = 0.311meV,
SJc = 0.333meV.
(11)
The two types of anisotropy give identical results at
ky = 0, which is where our measurements were per-
formed. But even at ky = pi where Eqs. (7) and (9)
are most different, the difference in the spin-wave ener-
gies is only about 1 meV in 200 meV, which is nearly
impossible to distinguish by inelastic neutron scattering.
7Response (kx, ky, kz) E(k)/S
Mb,L=1 (pi, 0, pi)
√
(2Dx − 2Dy)(8J2 + 4J1a + 2Dx + 4Jc)
Mc,L=1 (0, 0, 0)
√
2Dx(8J2 + 4J1a + 2Dx + 4Jc − 2Dy)
Mb,L=2 (pi, 0, 0)
√
(2Dx − 2Dy + 4Jc)(8J2 + 4J1a + 2Dx)
Mc,L=2 (0, 0, pi)
√
(2Dx + 4Jc)(8J2 + 4J1a + 2Dx − 2Dy)
TABLE II. Spin-wave dispersion for Hamiltonian with single-ion anisotropy at representative momentum positions and for the
two different fluctuation directions. For exchange anisotropy, replace Dx by D1a, and Dy by −D1b.
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FIG. S1. Sample information. (a) Rocking scan through a nuclear Bragg peak measured with kf = 2.662A˚
−1
. The sample
mosaic is 1.2◦ as indicated by the full width at half maximum of the peak. (b) Magnetic Bragg peak intensity measured at
(1 0 3) in the spin-flip and non-spin-flip geometries with changing temperature. Fitting the intensity difference between the
two geometries to a power law yields a spin-density-wave temperature of 137 K. Inset is a photo of the sample.
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FIG. S2. Determination of the magnetic form factor. Magnetic Bragg peak intensities measured at (1 0 L) with L = 1,
3, 5, 7, and 9. The plotted σy (black circles) is deduced from raw data of all six (spin-flip and non-spin-flip, xˆ, yˆ, and zˆ)
polarization geometries. The form factor (red circles) is calculated from σy after corrections for the orientation factor and the
resolution factor (the so-called R0). It is seen that the form factor does not change much from L = 1 to L = 3, consistent with
our inelastic measurements.
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FIG. S3. Raw data obtained for the AF zone boundaries and test of resolution effects. Raw SF data obtained at
the AF zone boundary L = 2 (a) and L = 4 (b), from which the magnetic signals in Fig. 3 of the main text are extracted.
It can be seen that the data measured with Ef = 30.5 and 50 meV agree reasonably well after normalization (the 50 meV
data are multiplied by 0.6 which accounts for the change in the resolution volume). To further verify that the maxima of the
SFz data are at 26 and 30 meV for L = 2 and 4, respectively, additional measurements were performed in order to rule out a
distortion of the data due to resolution effects: For L = 2, measurements with fixed incident-neutron energy Ei = 73 meV were
performed at 26 and 30 meV (yellow triangles), which confirm that the intensity is higher at 26 meV, and that the decrease of
intensity above 26 meV is not because of a resolution change due to the changing Ei in the Ef = 50 meV measurement. For
L = 4, measurements at 26 and 30 meV (magenta squares) confirm that the intensity is higher at 30 meV for both (1 0 4)
and (−1 0 4), which rules out resolution focusing artefacts. These tests show no evidence for a distortion of data by resolution
effects. Measurements with fixed Ei and with the chosen fixed Ef are possible because the neutron guide removes all high-order
incident neutrons with energy greater than ∼ 120 meV, and no PG filter is required in most of our measurements.
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FIG. S4. Comparison to an earlier report. σy at (1 0 5) calculated from the Mc and Ma values we obtained (blue
line) compared to data reported by Qureshi et al. [27] (data points) after normalization according to the σz values of the
two experiments. In spite of the large statistical uncertainty, the previously reported data agree reasonably well with the
“prediction” based on our result.
